Abstract. Camellia oleifera Abel. is one of four major woody oil plants in the world. The objective of the current study was to evaluate the effect of different plant growth regulators (PGRs) and concentrations on direct organogenesis using cotyledonary nodes, hypocotyls, and radicle explants. High induction frequency of adventitious shoots were obtained from cotyledonary nodes, hypocotyls, and radicle explants (85.2%, 73.6%, and 41.0%, respectively) when cultured on half-strength Murashige and Skoog (1/2 MS) medium containing 2.0 mg · L L1 6-benzylaminopurine (BA) and 0.1 mg · L L1 indole-3-acetic acid (IAA). Microshoots from cotyledonary nodes, hypocotyls, and radicle explants were then transferred to 1/2 MS medium containing 2.0 mg · L L1 BA and 0.05 mg · L L1 indole-3-butyric acid (IBA) for shoot multiplication, resulting in 6.9 shoots per explant. The shoots were transferred to Woody Plant Medium (WPM) supplemented with various a-naphthalene acetic acid (NAA) and gibberellic acid (GA 3 ) for shoot elongation. The mean length of shoots and the number of leaves per shoot were 3.7 and 6.6 cm, respectively, in WPM supplemented with 0.5 mg · L L1 NAA and 3.0 mg · L L1 GA 3 . The highest rooting of shoots (90.2%) or the number of roots per shoot (7.2) was obtained when elongated microshoots were transferred to 1/2 MS medium supplemented with 3.5% perlite, 1.0 mg · L L1 IBA and 2.0 mg · L L1 NAA. The rooted plantlets were successfully acclimatized in the greenhouse with a survival rate of 90.0%. The in vitro plant regeneration procedure described in this study is beneficial for mass propagation and improvement of C. oleifera through genetic engineering.
The C. oleifera Abel. (Theaceae) is an important oil producing species native to China. Together with olive (Olea europaea), oil palm (Elaeis guineensis Jacq.) and coconut (Cocos nucifera L.), they are the four major woody oil trees in the world. C. oleifera seeds are used for in the manufacturing process of tea oil, a high quality cooking oil. C. oleifera is composed of more than 80% unsaturated fatty acids including oleic, linoleic, and linolenic acid (Liao et al., 2005) , which have reported health benefits. For example, tea oil is known to decrease lipid concentrations and prevent hypertension and hardening of arteries (Feas et al., 2013; Zhuang, 2008) . A number of bioactive substances have been isolated from tea oil, such as squalene, to create products used to treat aging, tumors, and radiation poisoning (Long and Wang, 2008) . To meet demand for tea oil, grain, and oil producing companies have developed technologies for large scale propagation of C. oleifera trees in the south of China (Mo et al., 2010) .
Previous studies have regenerated C. oleifera using cotyledons of C. oleifera clones (Fan et al., 2011; Zhang et al., 2005) , buds Yuan et al., 2013) , and somatic embryogenesis (Hu et al., 2014) . Most of these studies for C. oleifera regeneration were based on shoot development from meristematic cells, which had low multiplication rates for adventitious buds and took several months to regenerate. In the Theaceae, it is typically difficult for rooting to occur from in vitro woody shoots, as shown by results of previous studies on C. oleifera L€ u et al., 2013; Zhang et al., 2005) . Therefore, it is essential to develop an efficient protocol for C. oleifera that decreases the regeneration period. Adventitious shoot organogenesis is an easy and fast plant regeneration method that can be induced via direct or indirect pathways. Hypocotyl explants have been used to achieve regenerated plants in many species including Fraxinus pennsylvanica (Du and Pijut, 2008) , pumpkin ash (Fraxinus profunda) (Stevens and Pijut, 2012) , carrot (Daucus carota) (Grzebelus et al., 2012) , gherkin (Cucumis anguria L.) (Ju et al., 2014) , Tamarillo (Cyphomandra betacea) (Kahia et al., 2015) and tung tree (Vernicia fordii) (Lin et al., 2016) . However, little research has been conducted using radicles as explants for plant regeneration in C. oleifera. Cerezo et al. (2011) established an efficient regeneration system via somatic embryogenesis from radicles of olives. Successful plant regeneration was demonstrated using roots as explants in Brassicas (Sharma and Thorpe, 1989; Wong and Loh, 1988) . Cotyledonary node explants were used to regenerate shoots, mainly in species of legume plants including dry bean (Phaseolus vulgaris L.) (McClean and Grafton, 1989) , lentil (Lens culinaris) (Bermejo et al., 2012; Chhabra et al., 2008; Warkentin and McHughen, 1993) , mung bean (Vigna raditat L. Wilczek) (Gulati and Jaiwal, 1994) , and common bean (P. vulgaris) (Arellano et al., 2009; Collado et al., 2013) . However, no study to date has reported successful and efficient in vitro propagation and plant regeneration from hypocotyls, cotyledonary nodes, and radicles of C. oleifera. The current study thus evaluates the effect of growth regulators on direct organogenesis from hypocotyls, cotyledonary nodes, and radicle explants of C. oleifera. The objective of this work is to optimize the explants sources, growth regulators, carbon sources, and perlite for the induction, multiplication, elongation, and rooting of adventitious shoot via direct organogenesis.
Materials and Methods
Plant materials. Open-pollinated mature C. oleifera seeds were collected at Central South University of Forestry and Technology Germplasm Repository in Dongcheng City, Wangcheng County, Hunan Province, China (113°21#E, 28°05#N). Samples were collected at an altitude between 60 and 150 m in a region with an annual average temperature of 19.3°C, annual mean frost-free duration of 276 to 291 d, and annual mean sunshine duration of 1762 HR. The seeds were air-dried with seedcoats removed. Kernels were surface sterilized, first with 75% (v/v) ethanol for 30 s, then rinsed 4-5 times with sterile distilled water. Next, the seeds were treated with 0.1% (w/v) mercuric chloride (HgCl 2 ) solution for 5 min and rinsed with sterile water 4-5 times to remove excess HgCl 2 . Seed embryos were then excised and placed aseptically on half-strength MS (Murashige and Skoog, 1962) ) for a photoperiod of 14/10 h of light/darkness at a temperature of 26 ± 2°C. The hypocotyls (1.0 cm long), cotyledonary nodes (0.8 cm long), and radicles (1.5 cm long) were used as explants from 21-day-old in vitro seedlings.
Adventitious shoot induction. The cotyledonary nodes, hypocotyls, and radicle explants were excised from 21-day-old in vitro seedlings and transferred to 1/2 MS medium containing 3% sucrose and 0.65% agar supplemented with BA (0, 1.0, 2.0, and 3.0 mg · L · s -1 of light for multiple shoot formation. After 30 d, the first proliferation coefficient of multiple shoots was calculated as the number of adventitious shoots after inoculation divided by the number of adventitious shoots before inoculation. The media were then replaced by transferring explants to identical fresh media for the second proliferation. After 30 d, the second proliferation coefficient of adventitious shoots was calculated using the aforementioned formula.
Shoot elongation. The adventitious shoots were cut apart and transferred to flasks containing WPM (Lloyd and McCown, 1981) of light for shoot elongation culture (Table 3) . A total of 60 shoots per combination were cultured in 30 flasks, and the experiment was repeated three times. After 30 d, the length of the shoots and number of leaves were recorded.
Rooting and acclimatization. When elongated, adventitious shoots reached 3-4 cm in length; they were cut off at the base and transferred to a half-strength MS medium containing 2% sucrose and 0.25% phytagel (Table 4) to induce roots. Explants were maintained for 3 d at 26 ± 2°C in the dark and then exposed to 50 mmol · m -2 · s -1 of light with a light/dark cycle of 14/10 h. After 6 weeks of culturing, the rooting frequency, number, length, and number of lateral roots per shoot were recorded. A total of 60 explants were cultured and one shoot was cultured per flask for each combination, and each experiment was repeated three times.
The rooted plantlets, which had 5-6 leaves at 6-7 cm in length, were removed from the flasks, and the agar was washed in running tap water. Sixty plantlets were transferred to plastic pots (15 cm in diameter · 12 cm high) containing a mixture of peatmoss, perlite, and loess (1:1:1, v/v/v) , and the pots were covered with plastic bags. The pots were then placed in a greenhouse with 80% relative humidity for a 12 h photoperiod (60
). The plastic bags were gradually removed over a period of 1-2 weeks in the greenhouse to acclimatize the ambient conditions. Plants were watered every 2-3 d until the bags were fully opened and then watered as needed. After a month, the plants were transferred to the field and watered moderately. Plant survival rate was calculated after 45 d.
Statistical analysis. All the experiments were laid out in a completely randomized design with three replicates and each treatment contained 60 explants except for acclimatization. The data were expressed as mean ± SE. The mean values and standard errors were calculated using Excel 2007. Statistical analysis included one-way analysis of variance followed by Duncan's multiple range test at P < 0.05; analysis was performed using SPSS17.0.
Results and Discussion
The microshoots regeneration occurred via direct organogenesis from cotyledonary nodes (Fig. 1A) , hypocotyls (Fig. 1C) , and radicle explants (Fig. 1E ) of C. oleifera. For adventitious shoot induction, the best percent shoot regeneration for cotyledonary nodes (85.2%), hypocotyls (73.6%), and radicle (41.0%) explants produced adventitious shoots without an intervening callus when cultured on optimum regeneration 1/2 MS medium supplemented with 2.0 mg · L -1 6-BA with 0.1 mg · L -1 IAA (Table 1) . Major differences between the three organs were found, with the most efficient C. oleifera organ being the cotyledonary nodes, followed by the hypocotyls (Table 1) . Moreover, radicle tissue showed poor regeneration and the lowest number of shoots per explant among the three organs, which was consistent with previous studies in Brassica napus (Kamal et al., 2007) . Hypocotyl explants proved to be more suitable than cotyledonary nodes and radicle but overall less productive than cotyledonary nodes in C. oleifera shoot direct organogenesis, contrasting previous studies that hypocotyls were the most suitable explants for plant regeneration and transformation (Cardoza and Stewart, 2004) . When used as an explant to induce adventitious shoots, cotyledonary nodes showed higher regeneration efficiency. A successful early cotyledonary nodes adventitious organogenesis had also been reported in lentil (Bermejo et al., 2012) . In addition, several studies demonstrated that the emergence of adventitious shoots from the cotyledonary petioles was simple (Huang et al., 2014; Song et al., 2011; Sujatha et al., 2012) . Such adventitious shoots were restored from epidermal cells with high mitotic activity possibly because epidermal cells of cotyledonary petiole may retain the characteristics of parenchyma cells. Shoots regenerated from cotyledonary nodes were viable and more vigorous than those regenerated from hypocotyls and radicle explants. However, the number of regenerated shoots in hypocotyl explants was higher than cotyledonary nodes (Table 1) . These results were similar to those of previous studies on Campanula punctata (Sivanesan et al., 2011) and yam (Dioscorea sp.) (Anike et al., 2012) , in which the petioles of the cotyledons retained sufficient cellular plasticity to achieve plantlet regeneration or direct organogenesis.
In our study, the occurrence of organogenesis on cotyledonary nodes, hypocotyls, and radicle explants significantly depended on PGR supplemented in culture media (Table 1 ). There were no adventitious shoots produced from cotyledonary nodes, hypocotyls, and radicles on PGR-free medium. Adventitious shoot formation was observed on all BA and IAA concentrations tested and a positive correlation was noted between the BA concentration and shoot formation rate of three explants (Table 1 ). Cytokinin at appropriate concentrations was the prerequisite for induction of adventitious shoot. BA has been well documented as a powerful inducer of shoot direct regeneration and multiplication (Al Malki and Elmeer, 2010; Bermejo et al., 2012; Joshi and Kothari, 2007; L€ u et al., 2013; Sanatombi and Sharma, 2008) . However, we found that BA concentrations higher than 2.0 mg · L -1 in combination with IAA had a negative effect on C. oleifera direct adventitious shoot formation (Table 1) . This result was similar to those of previous studies on pumpkin ash (Huang et al., 2014; Stevens and Pijut, 2012) . Therefore, the concentration of appropriate PGR was important for early establishment of shoot regeneration.
In hormone-free medium, the multiplication index was still one (Table 2 ). 1/2 MS medium supplemented with only BA could produce multiple shoots and the second multiplication index could reach 4.2, however, the multiple shoots were not strong enough. Moreover, the greatest proliferation occurred in 1/2 MS medium containing 2.0 mg · L -1 BA and 0.05 mg · L -1 IBA, and the first proliferation coefficient and second proliferation coefficient were 2.8 (Fig. 1F ) and 6.9 (Fig. 1G) , respectively. Interestingly, the number of available shoots per explant decreased when IBA concentrations exceeded 0.05 mg · L -1 (Table 2) . It has been reported that appropriate concentrations of BA is beneficial for shoot proliferation (Dragan, 1989) . Our results indicate that the best adventitious shoot proliferation was obtained by a combination of BA and low concentration of IBA. The adventitious shoot not only proliferated quickly, but also grew well and the results were consistent with previous studies (L€ u et al., 2013; Mondal et al., 2004) . Moreover, Huang et al. (2014) reported that the shoots produced at higher concentrations of 6-BA were distorted and often pale green, with a light, glassy appearance. In the process of subculture multiplication for Camellia tissue culture, MS basal medium was the most commonly used medium during proliferation, whereas 1/2 MS medium was seldom used (L€ u et al., 2013; Mondal, 2011) . In this study, we found that adventitious shoots were not easy to develop into multiple shoots when using MS medium. We also compared MS and 1/2 MS medium on multiple shoot formation from C. oleifera adventitious shoots; our results indicated that 1/2 MS medium was significantly better than MS medium (data not shown).
Regeneration of strong and healthy shoots is the key step in plant rooting. After 30 d in culture, the adventitious shoots were excised and inoculated for elongation. The length of shoots and number of leaves were measured after 30 d in culture. When NAA concentration was constant, the length of shoots and number of leaves first increased and then decreased as GA 3 concentration increased. The length of shoots and number of leaves reached the maximum value at 3.7 and 6.6 cm (Fig. 1H) in the WPM supplemented with NAA of 0.5 mg · L -1 and GA 3 of 3.0 mg · L -1 , respectively. Under such culture conditions, the shoots were dark green and showed high growth vigor, which was good for subsequent rooting culture. Increasing GA 3 and reducing cytokinins would have been helpful for shoot elongation and growth, which was consistent to those results obtained from Feijoa [Acca sellowiana (Berg) Burret], Campanula punctate Lam. var. rubriflora and pumpkin ash (F. profunda) (Cangahuala-Inocente et al., 2007; Sivanesan et al., 2011; Stevens and Pijut, 2012) .
The shoots measuring 3-4 cm in height were inoculated into rooting medium containing 3.5% perlite supplemented with different concentrations of IBA and NAA for rooting culture (Table 4) . No root was developed on auxin-free medium. The addition of NAA to the culture medium along with IBA improved rooting percentages and there was a significant effect on root length and number of lateral roots. Exogenous auxin IBA also had a significant effect on root induction rates and the number of roots, Table 1 . Effects of different hormonal combinations on adventitious shoot induction from freshly isolated cotyledonary nodes, hypocotyls, and radicles of Camellia oleifera. compared with the control treatment (IBAfree medium) ( Table 4 ). The addition of perlite in the rooting medium, supplemented with 1.0 mg · L -1 IBA and 2.0 mg · L -1 NAA, resulted in more than 90.0% root induction ( Fig. 1I and J) . Rooting medium supplemented with NAA alone did not produce roots from the shoots. IBA used alone had a better effect on root formation than NAA, but root length and number of lateral roots were decreased (Fig. 2C) , which is consistent with previous studies (Huang et al., 2014; Patil et al., 2011; Stevens and Pijut, 2012) . NAA also led to the formation of a callus at the base of shoots with low rooting rate, making it difficult for acclimatization and transplantation (Fig. 2B) . It has been reported that 1/2 MS or 1/2 WPM supplemented with the auxin was useful in inducing root formation in common ash (Fraxinus excelsior) and Llex crenata Thunb, and that a low concentration of inorganic salt was good for plant rooting and root growth (Tabrett and Hammatt, 1992; Yang et al., 2015) . In our study, 1/2 MS medium was better than MS for the rooting of C. oleifera supplemented with auxin and perlite (data not shown).
The rooting was a difficult part in the in vitro culture of C. oleifera; only one root was produced and the root system barely grew into the culture medium. Also the cultivate period was too long (Fig. 2A) . Various methods have been developed to overcome the difficulties of rooting, such as ex vitro rooting and two-step rooting that transfers explants into a new culture medium (Yuan et al., 2013) . In this study, perlite was added to the rooting medium, which induced root formation successfully (Fig. 2D-F) . This is the first report of adding perlite to increase the roots and improve the rooting rate of C. oleifera. Continued growth and normal development of rooted plantlets were observed in 3 weeks of culture; well-developed plantlets were transferred to plastic pots containing mixed substrates of peatmoss, perlite, and loess (1:1:1, v/v/v) (Fig. 1K) . The plants were successfully acclimatized in the greenhouse and finally transferred to the field with 90.0% of survival rate (Fig. 1L) , which can be used for conservation and plantation purposes.
In conclusion, this study established, for the first time, a simple propagation protocol for plantlet regeneration of C. oleifera using cotyledonary nodes, hypocotyls, and radicles as explants. Our study showed that the morphogenetic potential of cotyledonary nodes and hypocotyls renders these organs as highly valuable explant tissue, whereas the radicle exhibits low regenerative potential. From these results, it is highly possible that this protocol can be used in the future for rapid mass propagation and germplasm conservation exchange. The protocol might also be useful for agrobacterium-mediated transformation to introduce genes for increasing resistance of this important species.
